Results: Sixty-three percent of cases had a cardiac cause of shock. TTE image quality was adequate in 99% cases. Among the 99% of cases in which the imaging was adequate, the sensitivity of TTE for cardiac cause of shock was 100%, the specificity was 95%, the positive predictive value was 97%, and the negative predictive value was 100%. There were relative contraindications to TEE in 15% of cases. Stroke volume index (15 ؎ 6 mL/m 2 vs 31 ؎ 7 mL/m
P
rompt diagnosis of the etiology of shock in critically ill patients is essential to guide management and achieve optimal prognosis. Echocardiography is widely available to identify cardiac disorders that result in hemodynamic disturbances. Echocardiography is increasingly becoming the diagnostic modality of choice in such patients because of its portability, safety, and ability to give an immediate diagnosis.
Currently, transesophageal echocardiography (TEE) is still regarded by many as the initial cardiac ultrasound examination and test of choice in the ICU patient population to establish or to exclude a cardiac diagnosis of shock. This utilization of TEE as the primary and often the first imaging test in the ICU is based on older reports, 1,2 whose authors concluded that transthoracic echocardiography (TTE) was limited in its diagnostic abilities in the ICU and showed inadequate imaging in the majority of these patients. However, these reports were performed with older equipment without tissue harmonic imaging or current digital imaging technology.
We hypothesized that current TTE imaging equipment is adequate to identify or exclude major cardiac pathology in the large majority of critically ill shock patients in the ICU setting, and therefore that TTE should be the initial imaging modality of choice in the ICU for the indication of suspected cardiac cause of shock.
Materials and Methods
One hundred consecutive requests by critical care physicians for urgent echocardiograms to determine the etiology of shock in ICU patients were prospectively included over a 10-month period between November 2000 and August 2001. Echocardiograms were obtained within 1 h of the request in 95% of cases with a mean time of 28 Ϯ 30 min (Ϯ SD). Shock was defined as systolic BP Ͻ 100 mm Hg or fall in BP Ն 25% and inotrope use or evidence of low output or pulmonary/venous congestion. TTE was performed on all patients using GE Vingmed System V or Vivid 5 systems, with a standard 2.5-MHz transducer.
All patients were assessed for contraindications for TEE. Relative contraindications for TEE were defined as upper GI bleeding of unknown origin, suspected or known esophageal varices, major structural esophageal pathology, or respiratory failure or distress in nonventilated patients. 3 Patients were excluded if they were within 7 days after cardiac surgery, as shock in this setting represents a very specific subset of shock cases.
Two echocardiographers (National Board of Echocardiography diplomates), blinded to the clinical history and diagnosis, reviewed all cases for image adequacy and prespecified echocardiographic criteria of cardiac cause of shock. The term echo positive indicates the presence of one or more of the following: (1) severe left ventricular (LV) or right ventricular (RV) systolic dysfunction, (2) tamponade, (3) severe left-sided valve disease, or (4) a postinfarction mechanical complication. The term echo negative indicates the above criteria were absent. If there was disagreement of either image adequacy or presence/absence of criteria of echo positivity, a third blinded National Board of Echocardiography-certified echocardiographer reviewed the case (two out of three).
The echocardiographic determination (echo positive or echo negative) of cardiac cause of shock was compared with a final clinical diagnosis of the cause of shock (clinical positive or negative) achieved by objective clinical testing. Clinical diagnosis of a cardiac cause of shock (clinical positive) was established by one or more of the following positive objective test results: (1) pulmonary artery hemodynamic parameters, (2) ECG, (3) biochemical cardiac markers, (4) angiography, (5) surgery, and (6) autopsy. A noncardiac cause (clinical negative) was confirmed if the above test results were negative, and an alternative diagnosis (eg, sepsis, hemorrhage) had been determined with objective testing, surgery, or autopsy. Where the information was not available prospectively, patient charts, discharge diagnoses, and death certificates were reviewed.
Cardiac output determinations were made when possible by TTE when possible, using the LV outflow track (LVOT) Doppler method (stroke volume ϭ 0.785 ϫ LVOT diameter squared ϫ integral of LVOT flow). Cardiac index ϭ 0.785 ϫ LVOT diameter squared ϫ integral of LVOT flow ϫ heart rate/body surface area.
Analysis and Review Method
All echocardiograms were digitally acquired, stored, and subsequently reviewed. Demographic and hemodynamic data were recorded for each patient. After the study, any change in management was noted by questioning the treating physician or by review of the charts. Survival to discharge from the hospital was ascertained.
Echocardiography was considered to have had a therapeutic impact if there was a management change that was directly attributed to the result of the study. These management changes were categorized into the following groupings: (1) change in medical management (eg, use of inotropes, fluid resuscitation, thrombolysis), and (2) prompting interventional procedures (eg, intra-aortic balloon pump, coronary angiography, angioplasty, pericardiocentesis) or surgical intervention.
Statistics and Data Analysis
Sensitivity was described as echo positive Ϭ clinical positive, and specificity was defined as echo negative Ϭ clinical negative for cardiac cause of shock. Continuous data were expressed as a mean value Ϯ SD or as a percentage. Percentage agreement and score were calculated for interobserver variability. Differences in stroke volume, heart rate, and cardiac index were tested using an unpaired t test.
Results

Demographics
There was no particular gender predominance (54 men and 46 women). The mean age was 63 Ϯ 14 years. Seventy percent of patients were intubated and receiving ventilation, 70% were receiving IV inotropes, and 31% had a pulmonary artery catheter at the time of echocardiography. The large majority (85%) of studies were performed in ICU or coronary care unit beds. The remainder of patients were in the emergency department, on wards, or in the cardiac catheterization laboratory.
There were relative contraindications to TEE in 15 patients (nonventilated respiratory failure in 6 patients, suspected esophageal varices in 4 patients, GI bleeding of unknown origin in 2 patients, duodenal perforation in 1 patient, symptomatic esophagitis in 1 patient, and peritonitis in 1 patient).
Echocardiographic Results
There was 94% agreement between the two blinded echocardiographers ( score of 0.86) on the echocardiographic diagnosis of a cardiac cause of shock. Cardiac causes of shock are listed in Table 1 . Severe LV dysfunction was the leading cardiac cause of hypotension, accounting for 33% of the cases.
Tamponade was the second most common cause, accounting for 17%. The highest mortality subgroup was those patients with mechanical complications of infarction (77%), while the lowest mortality group was those with tamponade (20%). The overall mortality when the cause of hypotension was cardiac was 57%, compared to 42% when the etiology was noncardiac.
Using a final diagnosis achieved by objective testing, 63% of cases had a cardiac cause of shock (Table  2) . TTE image quality was adequate in 99% cases. Both echocardiographers deemed the images in one case inadequate for diagnostic purposes. This case was cardiac cause of shock, as subsequently proven by TEE and objective testing. Among the 99% of cases in which the imaging was adequate, the sensitivity of TTE for cardiac cause of shock was 100%, the specificity was 95%, the positive predictive value was 97%, and the negative predictive value was 100%. The two false-positive results consisted of an echocardiographic diagnosis of RV systolic dysfunction while the clinical diagnosis was of sepsis with high output, without belief by the managing physicians that there was concurrent right-heart or pulmonary pathology as the cause of sepsis.
Among the 20 cases of cardiac cause of shock and the 26 cases of noncardiac cause of shock in which stroke volume and cardiac index could be determined, cardiac index and stroke volume index were significantly less in the patients with a cardiac cause of shock. Heart rate was significantly higher in the group with a cardiac cause of shock. TTE had a therapeutic impact in 51% of cases, principally by changing medication use, prompting cardiac surgery or pericardiocentesis (Table 3) .
Discussion
In this study, TTE was adequate in nearly all cases, and among the 99 of 100 cases with adequate image quality, TTE was able to positively identify all cases of cardiac cause of shock. This was the case even when the majority (70%) of the patients were receiving mechanical ventilation. In addition, many of the patients who were not receiving mechanical ventilation were typical of the critical care population, and were markedly dyspneic and could not be positioned optimally for echocardiography.
Subcostal views were particularly important when the parasternal views were generally poor. Subcostal views were often sufficient to exclude the presence of pericardial fluid and to assess LV and RV systolic function, and could be performed in most cases, including particularly the patients receiving mechanical ventilation.
Our current findings are in sharp contrast to previous studies 1,2,4 that reported only 36 to 50% of TTE studies as being technically adequate. Such a difference is likely explained by improvement of scanning system technology. Tissue harmonic imaging has improved endocardial border detection and definition, 5 and substantially reduced near-field and side-lobe artifacts. 6 In addition, all studies were digitally acquired and archived, which preserves the quality of the acquired image compared to the older video home system tape analog recording system. 7, 8 The advance of these technologies has significantly improved the diagnostic capabilities in this group of technically difficult patients, and we believe that every effort should therefore be made to obtain to maximize the yield of TTE. In addition, the studies were performed in a timely fashion, and all of the "after-hours" studies were performed by well-trained and experienced physicians. The frequency of relative contraindications to TEE (15% of our series) is greater than anticipated in a general ICU patient population. Although TEE has generally been shown to be well tolerated and safe in the intensive care patient population, 9 it does require sedation, which may compromise the borderline respiratory and hemodynamic status of the critically ill. 10 Furthermore, the well-recognized TEE-related complications of aspiration pneumonia, esophageal injury, and bronchospasm may not be as well tolerated in this group of patients, nor dislodgment of endotracheal tube or tracheostomy tubes. 11 Hence, performing TTE first has a significant advantage in that it is fast, safe, and accurate.
The etiology of the shock state as determined by echocardiography provided prognostic information. The most common cardiac cause of hypotension/ shock in our series was LV failure, which had a mortality of 61%, the same mortality for LV failure as noted by Hochman et al. 12 All mechanical complications of infarction were identified by bedside TTE. Figure 1 illustrates one of the three cases of papillary muscle rupture with resultant severe mitral regurgitation. The mortality of patients with cardiogenic shock due to mechanical complications was greater than patients with cardiogenic shock due to LV failure alone. TTE alone directed surgical interventions for mechanical complications of myocardial infarction.
In contradistinction, cardiac tamponade carried a much lesser mortality (20%). In all cases in which pericardiocentesis was performed, transthoracic imaging had a central role to diagnose tamponade, guide pericardiocentesis, and assess benefit.
Transthoracic imaging in our series had a therapeutic impact similar to the therapeutic impact previously attributed to transesophageal imaging, 13, 14 because in our study TTE carried the diagnostic yield formerly attributed to TEE. The most common therapeutic impact was to guide the choice of medications to resuscitate BP: volume for dynamic ventricles (presumed bleeds or sepsis), and inotropes for severely impaired ventricles. The second most common therapeutic impact was to prompt surgical intervention (repair of postinfarction mechanical complications), and the third most common intervention that was prompted by echocardiography was pericardiocentesis.
As would be expected, the echocardiographyderived mean cardiac index was significantly less in the group with a cardiac cause of shock, and in all but 1 of 20 cases was less than the conventional cut-off of 2.2 L/min/m 2 characteristic of cardiogenic shock. The cardiac index of the group with a cardiac cause of shock was significantly less, despite a higher average heart rate, because of the mean stroke volume index of the cardiac cause of shock group was half of the group with a noncardiac cause of shock (15 Ϯ 6 mL/m 2 vs 30 Ϯ 7 mL/m 2 ; p Ͻ 0.001) [Fig 2] . Of note, it was possible to determine the cardiac index in only half of cases. 
Study Limitations
This study was not designed to be a direct comparison between transesophageal and transthoracic imaging but rather to assess the utility of transthoracic imaging to determine the presence or absence of cardiogenic shock in general ICU patients. This series was not intended to assess the adequacy of TTE in diagnosing such pathologies as valvular vegetations or left atrial appendage thrombosis, which in themselves do not cause cardiogenic shock. Similarly, this series was not intended to address noncardiac aortic pathologies such as dissection, where the superiority of TEE has been well established. 15 Also, this series did not include post-cardiac surgery cases, in which TEE is clearly superior to identify such pathologies as localized posterior clot. 16 The intention of this series was to address the adequacy of TTE in the general critical care population, not the specialized post-cardiac surgery population.
There was a potential for referral bias, since we did not assess all shock cases in the ICUs but rather consecutive cases that were referred by the treating physicians. However, this study reflects real-world clinical practice, in that patients were not recruited but rather gathered on the basis of a clinical need for an urgent diagnosis in a busy tertiary care hospital.
Conclusions
Current TTE identifies the great majority of cardiac causes of shock in the critical care patient population; in our series it identified all of them. TTE provided prognostic information and has a therapeutic impact in many cases by identifying the particular responsible mechanism. Therefore, currently, TTE rather than TEE imaging should be considered the initial and often the only echocardiographic test needed in critically ill patients, as it has high sensitivity and negative predictive value, and avoids the potential risks of TEE that may be prevalent in the ICU. Every effort should be maximized to perform a diligent and complete transthoracic study, rather than to proceed to TEE in a high proportion of cases. Individuals offering echocardiographic services to the critical care population should be proficient with TTE rather than TEE alone, as TTE can be performed rapidly, without risk, and with excellent accuracy in the critical care arena.
